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FOREWORD

This Handbook provides information relative to the natural environment for altitudes between 90
km and the surface of the Earth for the principal space vehicle development, operational, and
launch locations and associated local and worldwide geographical areas.

This Handbook, which supersedes all editions of TM 82473, and TM 4511, entitled “Terrestrial
Environment (Climatic) Criteria Guidelines for Use in Aerospace Vehicle Development” is
recommended for use in the development of design requirements/specifications for aerospace
vehicles and associated equipment.

The information presented in this Handbook is based on data and models considered to be
accurate. However, in those design applications which indicate a critical environment interface,
the user should consult an environmental specialist to ensure application of the most current
information and scientific-engineering interpretation.

Various NASA programs have provided resources required for the preparation of this document.
Major support came from NASA Headquarters Office of Safety and Mission Assurance (Code Q)
and Office of Space Flight (Code M).

A companion document, NASA TM-4527, “Natural Orbital Environment Guidelines for Use in
Aerospace Vehicle Development” was released as a June 1994 publication. It covers all natural
environmental guidelines at orbital altitudes within the Earth’s thermosphere and exosphere.
That document, along with three other key documents (1) NASA TM-209630, “The NASA/MSFC
Global Reference Atmospheric Model — 1999 Version (GRAM-99)”"; (2) NASA CR-1998-208859,
“A Compendium of Wind Statistics and Models for the NASA Space Shuttle and other Aerospace
Vehicle Programs”, and (3) NASA TM-2000-210131, “Analysis and Assessment of Peak
Lightning Current Probabilities at the NASA Kennedy Space Center” have been included in this
Handbook as an update to the original NASA TM-4511, as published in August 1993.

Requests for technical information, corrections, or additions to this Handbook should be directed to
the Environments Group, NASA Marshall Space Flight Center, Alabama 35812. Requests for
general information concerning the Handbook and technical standards should be sent to the NASA
Technical Standards Program Office, ED41, MSFC, AL, 35812 (telephone 256-544-2448). This
and other NASA Handbooks/ technical standards products may be viewed and downloaded, free-
of-charge, from our NASA Technical Standards Program Homepage: http://standards.nasa.gov.

Original Signed by

W. Brian Keegan
Chief Engineer



NASA-HDBK-1001
August 11, 2000

This Page Left Blank Intentionally



NASA-HDBK-1001
August 11, 2000

TABLE OF CONTENTS

SECTION PAGE
FOREWORD.......cooitiiiiieitie ettt ettt e e be e st e e ae e saeeabeesaeeenbeesneeensee e i
TABLE OF CONTENTS ....ooiiiiiii ettt st nbee et snee s i
SUMMARY ...ttt ettt b et sb et e e e be e bt et e e n e nae e n e nnee s 1-1
1. INTRODUGCTION ...ttt sttt ettt s ee e be e sa e e sbe e ssbeesbeeanbeesbeeannee e 1-1
11 LCT=T T | SR SURSRSR 1-1
12 Main Geographical Areas Covered in DOCUMENt .. ......cceeeiiiiieeiiiiie e 1-3
2. WIN D S ettt ettt et r e et e eae et e re e e teenneeenns 2-1
21 INEFOAUCTION ...ttt e 2-1
2.2 Ground Wind (L 10 150 M)...uuiiiiiiiiee it e e rrre e e e e e 2-2
22.1 INEFOTUCTION ...ttt 2-2
2.2.2 Considerations in Ground Wind Design Criteria.........ccccevvvveeeiiiiieeeiniieeeens 2-2
2.2.3 Introduction to Exposure Periods ANAIYSIS .........ccueeeeiieiieiiiiiee e 2-3
224 Development of Extreme Value CONCEPL........ccovverrreeriiiieiiee e 2-3
2241 Envelope of DIStrDULIONS..........uviiiiiieeiiiee e e 2-3
225 Design Wind Profiles for Aerospace Vehicles..........ccccooeeiiiiiiiieeniieeiieens 2-4
2251 PRIIOSOPNY ... e 2-5
2252 Peak Wind Profile Shapes ..........cueeeiiiiiiiiiiii e 2-6
2253 Instantaneous Extreme Wind Profiles...........c.ccc oo 2-7
2254 Peak Wind Profile Shapes for Other Test Ranges and Sites ....................... 2-8
2255 Aerospace Vehicle Design Wind Profiles...........ccv covvveveeeiiiiiiieeee e 2-8
22551 Design Wind Profiles for Kennedy Space Center.........cccccovveeeevivieeesnnnenn. 2-8
22552 Design Ground Wind Profiles for Other LOCatioNnsS ..........ccccccvees everiiveeniinenns 2-13
22553 Frequency of Reported Calm WINAS ..........cooceiiiiiiiiieiis e 2-15
2.2.6 Spectral Ground Wind Turbulence Model .............cccoieiiiiieiiiie e 2-16
2.26.1 11100 [UTex (o] o I PRSPPI 2-16
2.2.6.2 TUrDUIENCE SPECIIA ....eoiiiis e 2-17
2.2.6.3 The Cospectrum and Quadrature SPectrum..........cce. covcveeeeviiiiieeeeee e, 2-20
2.2.6.4 UNIES ettt e nneene e 2-20
2.2.7 Ground Wind Gust Factors FaCLOrsS. ..........cccoviveiiiieiiiieeiee e 2-21

2271 Gust Factor as a Function of Peak Wind Speed (u18.3)
at Reference Height for KSC.........ccoi i 2-21
2.2.7.2 Gust Factors for Other LOCAtIONS ........cueevveeeiiiiiieiiiiee e 2-22
228 Ground WINA SNEAT ........cocuiiiiiiiieeee e e 2-23
229 Ground Wind Direction CharacteristiCs...........coceruiiiiieeiiiieiiiee s 2-23
2.2.10 Design Winds for Facilities and Ground Support Equipment....................... 2-23
2.2.10.1 110 o 18 ox 1 o] o IR SURSRPR 2-23
2.2.10.2 Development of RelationShips...........coue i 2-24
2.2.10.3 Design Winds for FACIlItIES ..........cccoei o 2-24
22104 Procedure to Determine Design Winds for Facilities ............. coccoocvieinieeenns 2-25
2.2.10.5 Wind Load CalCUlAtioNS ...........cooiiiiiiiiiiie et 2-26



NASA-HDBK-1001

August 11, 2000

SECTION

2.2.10.6
2.2.10.7
2.2.10.8
2.2.10.9

2.2.109.1
2.2.10.9.2
2.2.10.9.3
221094
2.2.10.95
22.11

2.3

23.1
2.3.2
2.3.3
2331
2.3.3.2
2.3.3.3
2334
2335
234
2.3.5
2.3.51
2.3.5.2
23521
2.3.5.2.2
2.3.5.23
23524

2.35.25
2.35.2.6
2.3.5.3
23531
2.3.5.3.2
2.3.5.3.3
2.3.5.34
2.3.6
2.3.7
2.3.8
2381
23811
2.3.8.1.2
2.3.8.2
2.3.9
2391

TABLE OF CONTENTS (CONT'D)

PAGE
Wind Profile CONSIIUCTION .......ccoiiiiie e 2-27
Use of Gust Factors Versus Height...........ccooo oo 2-28
Recommended Design Risk Versus Desired Lifetime..........ccccccoevveeeennnnen. 2-29
Design Winds for Facilities at VAFB, White Sands
Missile Range, Edwards AFB, and Stennis Space Center............cccccvveeee.... 2-30
WING STALISTICS ...t 2-30
Conversion of the Fastest Mile to Peak WINdS .........cccccovviieeeiniiieee i 2-30
The Peak WINd Profile ... e 2-31
The Mean WiNd Profile ..........oooieiei e e 2-31
Design Wind Profiles for Station LOCAtIONS ...........ccoiueeriiieiiiieiiee e 2-31
Ground Winds for Runway Orientation Optimization ............. vccccevveeeriveeenn. 2-34
INFHGNE WINAS <. 2-35
INEFOAUCTION ... et 2-35
Wind Aloft ClImMatology .........ooccuuiiiiiiee e e 2-37
Wind Component STAtISTICS .......uuvveeiiiiiie e ceeeeeeeeeeeeaaanaes 2-37
Upper WInd COITEIALIONS .......cooiiiiiiiiee ittt 2-37
Thickness of Strong WiNd LAYEIS........coeuiieieiiiiieeeiiiiiieeeee e esiieeeee e e e 2-37
Exceedance Probabilities ...........cc.eeeieeeiiiiiiiiiee e 2-38
Design Scalar Wind Speeds (10 to 15 km Altitude Layer)..........ccccoceeerueene 2-39
Temporal Wind Changes.........cocuie it 2-40
Wind Speed Profiles for Biasing Tilt Program ...........ccccocveeiiieiiieeniieeenienn .2-45
Design Wind Speed ENVEIOPES ........cccuveeeeiiiiiiie et 2-46
Scalar Wind Speed ENVEIOPES .........uveveiviiiieee et 2-46
Vector WINd MOGEIS..........oooiiiiiii e 2-46
Bivariate Normal Wind Parameters............ccocuveiiiiiiiiiiins e 2-50
The Wind Vector Probability EIPSe........cccvvviiiiiiiiiiies e 2-57
The Bivariate Normal Distribution in Polar Coordinates ............cccccevvcvveeenn. 2-58
The Derived Conditional Distribution of Wind
Speed Given the Wind Direction (Wind ROSE).........cocceeirieeiiieeiiiee e 2-61
Wind Component SEAtISHICS ......covuveriiieeiiiie et st siee et 2-62
Envelope of Wind Profiles Versus an Envelop of Percentiles ...................... 2-64
WINA SNEAT ...t e 2-65
Empirical Wind Shear Model ...........cooeoiiiiiiiiiies e, 2-65
Extreme Value Wind Shear Model ............ccoooviiiiiiiiies o 2-66
Percentile Values for Extreme Largest Wind Speed Shear.............ccccouu..... 2-74
Percentile Values for Extreme Largest Wind Speed............cccccocveeriiieniinenns 2-76
Wind Speed Change ENVEIOPES .........cooiiiiiiiiiiiiee e 2-76
Wind Direction Change ENVEIOPES..........c.cooiiiiiiiiiiieeieee e 2-77
Gusts - Vertically Flying VEehiCles ...........oocveeiiiiii e 2-83
DISCIEIE GUSLES ...uviiieiiis ceeiee ettt e e e e e e e e e e e e e e s aeeeaeas 2-83
SINUSOIAAI GUST.......ciiieiieeie e 2-85
An Undamped-Damped Sinusoidal Gust Model ............cccccoeeiiiiiiiiiennneennn, 2-85
GUSE SPBCIIA. ...t ettt e e e eeeees 2-89
Synthetic WIind Speed Profiles ... 2-91
Synthetic Wind Speed Profiles for Vertical Flight Path
Considering Only Speeds and Shears..........c.c. coueeeiiie e 2-91



NASA-HDBK-1001
August 11, 2000

TABLE OF CONTENTS (CONT'D)

SECTION PAGE
2.39.2 Synthetic Wind Speed Profiles for Vertical Flight Path

Considering Relationships Between Speeds, Shears, and Gusts................ 2-92
2.3.9.3 Synthetic Wind Profile Merged to the Ground Wind Profile............cccceee..... 2-94
2.39.4 Synthetic Wind Speed Profiles for Nonvertical Flight Path........................... 2-94
2.3.10 Vector Wind and Vector Wind Shear Models............cccocceiiiiiiiicniiccnieeee, 2-94
2.3.10.1 Vector Wind Profile MOEIS ..........oooce i 2-94
2.3.10.2 Vector Wind Profile Model CONCEPLS .....ccvveieees veeiiiiiiiee e 2-94
2.3.10.3 Computation of the Synthetic Vector Wind Profile.........c.cccs voieeiiiieennnnn. 2-95
2.3.104 Monthly Enveloping Wind Probability Ellipse (MEWPE)..........c.ccccevieeniineen. 2-95
2311 Characteristic Wind Profiles to a Height of 18 Km .........coooiiiiiiiiiiiiieee, 2-97
2.3.12 Wind Profile Data Availability ... 2-100
2.3.12.1 KSC, FL, and VAFB, CA, Jimsphere Wind Design Assessment and

Verification Data BASEe..........cccviiiiiiiiiiiesiee e 2-100
2.3.12.2 Availability of Rawinsonde Wind Velocity Profiles .......ccccccoee i, 2-101
2.3.12.3 Availability of Rocketsonde Wind Velocity Profiles ............cc. coeeeeiiiiiiinennn. 2-101
23124 ULIIItY OF DAEA.......eeieieie ettt 2-101
2.3.13 Atmospheric Turbulence Criteria for Horizontally Flying Vehicles................ 2-101
23131 Application of Power Spectral Model ............ccco oo 2-107
2314 Turbulence Model for Flight Simulation ... 2-108
2314.1 Transfer FUNCHIONS ........coiis eieeee ettt et e e e e s e e e e e e e aaans 2-110
2.3.14.2 Boundary Layer Turbulence Simulation ............... voueeeirieeeeiiiiee e 2-110
2.3.14.3 Turbulence Simulation in the Free Atmosphere (above 304.8 m)................ 2-113
2.3.14.4 Design Floor on GuUSt ENVIFONMENLES ........ccccvieiiiiiiiiiieeee e 2-114
2.3.14.5 Multimission Turbulence Simulation................oooiiiii 2-114
231451 New Turbulence StatisticS/MOdel............c.oooiiiiiiiiiis e 2-116
2.3.15 Discrete Gust Model—Horizontally Flying Vehicles......... coccccoviiiereiiiiinenn. 2-117
2.3.16 Flight Regimes for Use of Horizontal and Vertical Turbulence

Models (Spectra and DiSCrete GUSLS).......cooiuereiiieiiiee e 2-117
24 Mission Analysis, Prelaunch Monitoring, and Flight Evaluation ................... 2-120
241 MISSION PIANNING.....cciiiieiiiie e seee s 2-120
24.2 Prelaunch Wind MONITONING .......cocveeiiiiiiiieeiiie e 2-123
2.4.3 Post-Flight EValUALION...........cooiiiiiiee e 2-124
2431 INEFOTUCTION ...t 2-124
24.3.2 Meteorological Data Profiles ... 2-124
= (= =] 1o = SRR 2-127
3. THERMODYNAMIC PROPERTIES AND ATMOSPHERIC MODELS.................. 3-1
3.1 10 To L8 ox 1T o ISR 3-1
3.2 U.S. Standard Atmosphere 1976 Sea-Level Values............ccccooveeniiieninnnnns 3-1
3.3 Surface Atmospheric Thermodynamic Parameters..........cccccceeecveeeeviiinneeenn, 3-1
3.3.1 AIMOSPNErC TEMPEIAIUIE........eviiieeeee et e e e 3-1
3311 DEFINITION ... 3-1
3.3.1.2 SUface TEMPEIALUIE.........ceeiiiiiieeeiiiee et ee e e et e e et e e e snreeeessseeees o 3-2



NASA-HDBK-1001

August 11, 2000

SECTION PAGE
3.3.2 AIMOSPNEIIC PrESSUIE ...t et 3-2
3321 D= 111 o T o PRSP 3-2
3.3.2.2 SUMACE PrESSUIE.....eiiiiit ettt e e e e e e e e e e e e e aaaes 3-2
3.3.23 Surface Pressure Change ..........ocooiiiuiieieee et 3-2
3324 Pressure Decrease With ARIUE ..............ooiiiiiiiiiiiii e 3-3
3.3.3 AIMOSPNENC MASS DENSILY ....cciiiiiiieiiiiiie et 34
3.3.3.1 3= 111 1o o SRR 34
3.3.3.2 SUIMACE DENSILY ..o i 34
3.3.3.3 Surface Density Variability and Altitude Variations...........c.cc. voveeiiieeeinnnen. 35
3.4 Inflight Atmospheric Thermodynamic Parameters............ccocceevieeenieeeniinenns 3-5
341 AtMOSPhEriC TEMPEIALUIE........coiuieiiiiie e 3-5
34.1.1 Air Temperature at ARITUAE...........ooie i 3-5
3.4.1.2 Extreme Cold TEMPEIALUIE ...........eeeeieiiiiiiee e 3-6
3.4.2 AIMOSPNEIIC PIrESSUIE ..ot a e 3-6
34.2.1 Atmospheric Pressure at AlItUAE ...........ooei e 3-6
3.4.3 AIMOSPNETIC DENSILY....ceiiiiiiiiieiiiiie et 3-6
3.4.3.1 Atmospheric Density at ARITUTE .........c.eeveiiiiiiiee e 3-6
3.5 Simultaneous Values of KSC Temperature, Pressure, and Density at

Discrete Altitude LEVEIS...........oovie i crree e 3-13
351 1100 [8 o3 1T o IS PRRPUPSRPR 3-13
3.5.2 Method of Determining Simultaneous Value............ccccoovveeiiieeiiieeniieesiens 3-13
3.6 Extreme Hot and Cold Atmospheric Profiles for KSC, VAFB, and EAFB .... 3-17
3.7 Reference AtMOSPNEIES.........cooiiiiie e 3-27
3.8 Reentry-Global Reference Atmosphere Model .............ccccooiiiieiieniinnennenn. 3-27
3.8.1 Reentry AtmoSpheric MOGEI ..........ooovii i 3-27
3.8.2 Atmospheric Model for SImulation........... ..o 3-27
3.9 Atmospheric Orbital MOdel ..o 3-28
TS 1= =] o =SSP 3-29
4. THERMAL RADIATION ...ttt ettt sttt snteesses e e sseesnaeesneeanees 4-1
4.1 1] 100 [8 o3 11 o IO EPR OO PRR 4-1
4.2 DEFINITIONS. ... et 4-1
4.3 Spectral Distribution of Radiation................eeeeveiiiiiiiiiieee e, 4-3
431 INEFOTUCTION ...t 4-3
4.3.2 Yo =g = To [ =1 1T o R SPUSPSRRI 4-3
4.3.3 Solar Radiation Intensity DiStHDULION ...........coociiriiiiiiee e 4-4
434 Atmospheric Transmittance of Solar Radiation..............cccceviveeniiieniieeniinens 4-8
4.3.5 Diffuse (SKy) RAIAtION ........ccueiiiiiiiiiie e 4-9
4351 Scattered RAIAtiON ............ coveeeiiiiiiee e 4-9
435.2 ADSOrbed RAIAtION ...........eeeiiiiiiie e 4-11

TABLE OF CONTENTS (CONT'D)



NASA-HDBK-1001
August 11, 2000

TABLE OF CONTENTS (CONT'D)

SECTION PAGE
4.4 Total Solar Radiation at the Earth’s Surface............ccccceevviiveeeiiiee e 4-11
441 100 (8 ox 1T o ISR 4-11
442 Use of Solar Radiation in DESIGN ........ccovuiiiiiiiiiiie e 4-11
4.4.3 Total Solar Radiation Computations and Extreme Conditions ..................... 4-12
443.1 Computing Total Normal Incident Solar Radiation.............. .....ccoocccivvnnnneee. 4-12
4432 Solar Radiation EXIrEMAlS .........oeeiiiiiiiiieeeiiiiiiiiee e 4-14
4433 Variation With AIITUAE ........oooiiiiiieee e 4-16
4434 Solar Radiation During Extreme Wind Conditions ............ccces veveeeiiieeennnnen. 4-16
4.5 Re-radiation and Temperature EffeCtS..........cccciiiiiiiiiiiie e 4-17
451 Average Emittance of ODJECTS........coouiiiiiiiie e 4-17
45.2 Computation of Surface Temperature From One Radiation Source............ 4-18
45.3 Computation of Surface Temperature From

Several Simultaneous Radiation SOUICES..........ccccuveiiieeiiiieeiiee e 4-20
4.6 BLIC=] 00 01T = UL | (= 4-23
46.1 Extreme Air Temperature Near the Surface .........ccccovveveeiiiie e 4-23
4.6.2 Extreme Air Temperature Change Over TIMe .......ccoevvvveeeeiiiieee s 4-23
46.3 Surface (SKiN) TEMPEIATUIE .......ccoiiiiiee e 4-26
46.4 Compartment TEMPEIALUIES ........cocuiieeiiiiee et 4-26
46.4.1 1100 18 ox 1T ISP RSRP 4-26
46.4.2 Compartment High Temperature EXtreme............c. coveeveeeeiiiiee e 4-26
4.7 Data on Air Temperature Distribution With Altitude.............cccceeiiiiiiiiienenns 4-26
(Y= (=] =] 0 Tod =L ST P PP PRR 4-27
5. U.S. AND WORLD SURFACE EXTREMES. ........cccooiiiie e 5-1
51 United States Surface EXITE@MES........c..vvviiiiiiiiiiiieeeee e 5-1
511 Environments INCIUAEd ..........ooooiiiii i 5-1
51.2 SOUICE OF DALA.......eeeeeeiiiiiie ettt e e e e e e ssnree e e e s e e e e snneeeeeans 5-1
513 Extreme Design ENVIFONMENTS........ccccuiiiiiiiiiiie e 5-1
5131 AN TEMPEIALUIE .....ceiiiiie ettt ettt e e e e st e e e s ebb e e e abbeeeean 5-1
5.1.3.2 SNOWFAI-SNOW LOAA ........ooeiiiiiiii e 5-2
5.1.3.3 [ | OO RSURROPSROPP 5-2
5.1.34 AtMOSPNETIC PrESSUIE ......veeee ettt e e e e e e e e e e e 5-9
5.2 WOrld SUrface EXITEIMES.........ciiiiiiiiiiiiiiie et 5-15
5.2.1 SOUICES OF DALA......eeieiiiiiiiee ettt e st e e e e e s snneeeeeans 5-15
5.2.2 World Extremes Over CONtINENTS........coooiiiiieeiiiiiee e eiiee e siiee e sireee e sieeee e 5-15
5221 BIL=T 0] 01T = L (0 TR 5-15
5.2.2.2 DEW POINT....ceiiiiiiiis eiiee ettt e e e e e e e e e e e e e e e ssssnneeeeeeeeaansnnnsnnnnnnnes 5-18
5.2.2.3 PreCIPItAtION .. ...oiiiiies it 5-19
5224 PSS SUIE. ... et e r b 5-19
5.2.25 €178 ] o I AV T o SRR POTPSPR 5-20
5.2.25.1 Tornadoes and WhHIHWINGS ..........cooiiiiiieiiie e e 5-20
5.2.25.2 HUIrcanes (TYPNOONS) ...uuviiiiiiei ittt 5-20
5.2.25.3 IMISTFAl WINOS ..ottt e e e e e e s naeeeeens 5-21
52254 SaNtA ANA WINGS........eiiiiiiie e e e st e e e sare e e e e eneeeeeans 5-21
= (= =] o =PSRRI 5-23

vii



NASA-HDBK-1001
August 11, 2000

TABLE OF CONTENTS (CONT'D)

SECTION
6. HUMIDITY .« oottt ettt e ettt e et e e s e e e e e ene e e enneeeanseeeanes
6.1 1] 0o [8 o3 1T o PSRRI
6.2 DEfINILIONS .oeeiieieicee e e e e e e e
6.3 Vapor CONCENLIALION ........ccceiiiiiiiieee e e e
6.3.1 Background INfOrmation .............cccccueieeiie e
6.3.2 LIS 1] o SR PPRPRPPRRP
6.3.2.1 High Vapor Concentration at SUMace ..........ccce cveeeeeiiiiiiieee e
6.3.2.2 Low Vapor Concentration at SUMace .........cc.coovviiieeiiiiiiee e
6.3.2.2.1 110 o 18 ox 1 o IR
6.3.2.2.2 Surface Extremes of Low Vapor Concentration............ccocceeveeeenineennnnn.
6.3.3 Compartment Vapor Concentration at Surface..........cccccceevveeeeiiieeeeeee
6.4 Vapor Concentration at AlIUAE .........cooceeiiiiiiiiiniiieees e
6.4.1 High Vapor Concentration at Altitude .............coooviiieeeiiiiiee e
6.4.2 Low Vapor Concentration at Altitude............ccccovveeeeeeei e,
TS (= =] o LTSRN
7. PRECIPITATION, FOG, AND ICING .....cccettiieeeiiiee e eseee e
7.1 10 To 18 ox 1 T o SRR
7.2 D= {11 1o SRR
7.3 RAINTAIL.....eeeieeee e
7.3.1 Record RaiNfall .........c.ueeeiiiiiiceee e
7311 World Record Rainfall............cooouiiiiiiiiiiiiiee e
7.31.2 Design Rainfall RAES .........c..ovieiiiiiieiiee e
7.3.2 RAINAIOP SIZE coeveiiiei e
7.3.3 Statistics of Rainfall OCCUITENCES..........oocuiiieiiiiiieeeiiee e
7.3.3.1 Design RaiNfall RAES ........ccuuiiiieiiiiiiiiee e
7.3.3.2 Probability That Precipitation Will Not Exceed a Specific

AMOoUNt iN ANY ONE DAY ....coiuiiiiiiie it et
7.3.3.3 Rainfall Rates Versus Duration for 50th, 95th, and 99th Percentile,

Given a Day With Rain for the Highest Rain Month, KSC, FL................
7.3.4 Distribution of Rainfall Rates With Altitude ............ccccoeevvveeiiiiee e
7.35 Types of ICe FOrmMation ............cccuvveeiiiiiee e e
7.3.6 Hydrometeor Characteristics With Altitude .........ccccceeeveiiiiiieeeee e,
7.4 1 101 PP
7.4.1 SNOW LOAdS At SUMACE .....cccoiiiiieeeiiiee e
7.4.2 SNOW PAItCIE SIZE.....cco i
7.5 Hal e nrea e
75.1 Hail @t SUIMACE ......ooeieieie et
75.2 Distribution of Hail With AItitUdE............ooveiiiiiee e
7.6 Laboratory Test SIMUIALION..........ccooiiiiiiiieiiie e
7.6.1 Rate of Fall of Rain Droplets ..........ccooiiiieiiiiiiee e
7.6.2 Raindrop Size and Distribution .............cccoeeiiiiiiiiiieeeeee e
7.6.3 WINA SPEEA ...t
764 LIL=T 00 1= = L0 1= TSRS

viii

PAGE

6-1



NASA-HDBK-1001
August 11, 2000

TABLE OF CONTENTS (CONT'D)

SECTION PAGE
7.6.5 Recommended Items to Include in Laboratory Rainfall Tests...................... 7-24
7.6.5.1 Idealized Rain Cycle, KSC, FL ...t 7-25
7.7 = UL I = (01 o] o [PPSR 7-26
7.7.1 1] oTo [0 Tox 1T ] o ISR TRRURROPR 7-26
7.7.2 R&IN ErOSION CHIEEIIA. ...eeiiiiiiiieeiiiiiee ettt 7-26
7.8 00 LSRR 7-26
7.9 Precipitation or Fog (VAFB and KSC)..........coveiiiiiiiiie e 7-28
S (=T 1] o= ST RR 7-29
8. CLOUD PHENOMENA AND CLOUD COVER MODELS..........ccco. coeeiiieeiiieiiene 8-1
8.1 1 0o 18 ox 1T o RSOSSN 8-1
8.2 Interaction Model of Microwave Energy and Atmospheric Variables............ 8-1
8.2.1 Scattering and Extinction Properties of Water Clouds Over the

Range 10 cm o 10 M .o 8-3
8.2.2 Zenith Opacity Due to Atmospheric Water Vapor as a

FUNCHION Of LALITUTE ......oeeiiiiiiee e s 8-3
8.3 Global Cloud Cover Models and Data Bases .........ccccccevviiiiieneeeiniiieeeeeens 8-3
83.1 0o 18 ox 1 T ISR 8-3
8.3.2 BaACKGIOUNG......coiiiiiiiiiie e e 8-4
8.3.3 Discussion of Validation .............cccceeiiiiiic i 8-4
8.34 The Earth-Viewing Simulation Procedure ...........ccccevviieriiiee e 8-6
8.4 Four-Dimensional Atmospheric Model ............cccoovieeeiiiiiii e 8-11
8.5 Stratospheric and Mesospheric Clouds ..........ccccveeviiiiec i 8-12
8.5.1 StratoSPheriC ClOUAS .........cuviiiiieie e e e 8-12
8.5.1.1 Polar StratoSpheric ClOUAS............cuiiiiiiiiee e 8-12
8.5.1.2 Polar Stratospheric Clouds (PSC) Design Criteria ........ccce. ovvevveeeeesiiveeennn. 8-13
85.13 NACIEOUS ClIOUAS ... ceeiiiieiiee et e et e e e e e s nnnnreeeeeees 8-13
8.5.2 MESOSPNENIC ClOUS .....ccouiiiiiiiieiiie e 8-14
8521 Polar MesoSpheric CIOUAS...........cuiiiiiiiieiiiiee e 8-14
8.5.2.2 PMC Seasonal Climatology.........cccueiieiiiiiiiiiiee i 8-14
8.5.23 PIMC PIOPEITIES ...uveieiiiies ctieieeeiieee ettt ee ettt a et e e st e e s esae e e e snaeeeeens 8-15
8.5.24 NOCHIUCENE ClOUAS ......vvieiiie et 8-15
85.24.1 =T Tod (o | (o 0 [ o [P 8-15
8.5.2.4.2 LY/ 1= SRR 8-15
8.5.24.3 (O g P L= o1 (= 1 1o R ERPUURSRT 8-16
85244 Particle Size and Number DeNSIty...........cccooiiiiiiiiiiiies e 8-17
8.5.245 COMPOSITION ...ttt e e e e e e e e anneeas 8-17
85246 OPLICAl PrOPEITIES ...t ettt e e 8-18
S (=T =T [T SO 8-19



NASA-HDBK-1001

August 11, 2000

SECTION PAGE
9. ATMOSPHERIC ELECTRICITY ..ciiii ittt s 9-1
9.1 0o 18 ox 1T o P OPSSSPR 9-1
9.2 Cloud EIECtrifiCatiON .........vvieeiiiiiie e e e 9-1
9.21 Charge Separation MechaniSMS.............cccceeiiiiiie i 9-1
9.2.2 Thundercloud Electrical StruCture ............cocveiiiiiiiiic e 9-3
9.3 Frequency of Occurrence of Thunderstorms............ccccceeeeviiiiiiiiieiene s 9-3
9.3.1 FIaSH COUNTETS. ....coiiiiiiiee e e e e e nnneeeas 9-3
9.3.2 Lightning LOCAtioN SYSIEMS.......c.cueiiiiiiiiiieeiiie e 9-3
9.3.3 Satellite ODSEIVALIONS ........ccciiiiie e e aee e e e sneeeeeans 9-3
9.34 Thunder Day and Thunder Hour StatistiCs............cccoveiieriiieeiiiee e 9-6
9.35 Thunderstorm CharacteriStiCS .........ccueieiiiiiie e 9-6
94 Cloud-to-Ground Lightning Damage and Protection............ccccceeveveeviieeennnee. 9-6
9.4.1 Characteristics of Cloud-to-Ground Discharges ..........cccccceeeeeiiiieecicciieeeenn, 9-9
9.4.2 Lightning Current Damage Parameters..........ccocccveeeeieicciiiieeeee e 9-10
9.4.3 Tower Measurements Of CUIMENL.........c.cuiiiiiiiiiieeiiee e 9-10
944 Triggered Lightning Current MeasUremMents .........ccoocveeeeiiieeeeesiiienessieneeens 9-14
9.45 Inferring Damage Parameters From Lightning Fields............ccccccoviieeeiinnenn. 9-14
9.5 Lightning TeSt Standards...........coceeeriiieriieeie e 9-19
951 HIStOrICAl PEISPECHIVE .......eeiiiiii ettt 9-19
9.5.2 Severe Direct Lightning Strike Current Test Waveforms...........cccccceveeeennee. 9-20
RETEIEINCES. ... . ittt e e e e e et e e e e e e e s e e e e e e e e e anaaee senareeaeennnes 9-27
10. ATMOSPHERIC CONSTITUENTS ..ottt 10-1
10.1 INEFOTUCTION . ..t 10-1
10.1.1 SOUICES Of PArICIES ... 10-1
10.1.11 PHMAIY SOUICES ...ooiiiiiies ceeeiiiiie ettt e e e e e e e e e e e s eeeeeeas 10-1
10.1.1.2 SECONAANY SOUICE ....cciiiiies ittt e e e e s e e e e annreeas 10-1
10.1.2 Distribution Of PArtiCleS ...........ccoiiiie i 10-1
10.1.3 Upper AtMOSPhEriC ABIOSOIS..........ooiuiiiiiiiiieie e 10-2
10.2 Threats Caused by Atmospheric PartiCles..........ccoocevviieriiiee i 10-4
10.2.1 AN ] = 1] T ISR PSSRSO 10-4
10.2.2 OptiCal HINAFANCES ...cccoiiiieee ettt et e e earae e 10-5
10.2.3 (0] 1 (011 (o] o IUR T TP PP PR 10-5
10.2.3.1 Rate of AtMOSPhEriC COIMOSION .......ccocuiis et 10-6
10.2.3.2 Protection From Atmospheric COrroSIiON...........coccve vvveeieeesiiiiiiieee e 10-6
10.3 Characteristics of SpecCific PartiCles ... 10-6
10.3.1 EXtraterreStrial DUST...........cuviii it e e 10-8
10.3.2 SEa-SaAlt PAICIES ...t e 10-8
10.3.2.1 ST 1L oo PR OUPRPP 10-9
10.3.3 Crustal Derved AEIOSOIS ..........uuii et 10-9
10.3.4 VOICANIC ASI ... 10-9
10.3.5 Combustion and Other Man-Induced Aerosol.............cccevveeiiiiciiiee e, 10-14
10.3.5.1 ACIH RAIN ...t ettt e e 10-16
104 GaSEOUS CONSHITUBNES .....eeeeeiiiiiieeiiiiie e e eiteee e st e e et e e e ssneee e e e snre e e e s snneeeeeans 10-16
104.1 Average Atmospheric CONSHIUENTS. ..........ooiiiiriiee e 10-16
S (=TT 1= PSR 10-19

TABLE OF CONTENTS (CONT'D)



NASA-HDBK-1001
August 11, 2000

TABLE OF CONTENTS (CONT'D)

SECTION PAGE
11. AEROSPACE VEHICLE EXHAUST AND TOXIC CHEMICAL RELEASE............ 11-1
11.1 1 0o (8 ox 1T o ISR 11-1
11.2 DEFINILIONS ...eeeeiiieie e et e e e e e e e e e e e e e e e s nanraeneaeas 11-1
11.3 Potential Environmental Threats ...........cocovviiiieiiieiiiic e 11-5
11.3.1 OVEIVIEWV ...ttt ettt ettt ekttt h ettt e st et e e nnneenneennne s 11-5
11.3.2 Static Firings and LAUNCNES ... 11-5
11.3.3 Accidental REIEASES ........ccuuiiieiiiiie e 11-6
11.34 ACOUSEIC TRIALS ....cceeiiee e e e e e nnneeeas 11-6
11.4 Atmospheric Effects on Transport and Diffusion.............cccoeeveeriiieniiecninens 11-6
11.5 Specific Sources of Air POIULANES .........ccoouiiiiiiiiii e 11-8
1151 5 (0] =10 TSP PP PP PPPRPPPPPPRPN 11-8
11.5.2 Static Firings and LaunChes ... 11-8
11.5.3 TS e 11-9
1154 Iz 1015 10 £ ¢= 11 o] o SRR PSSRR 11-10
1155 PAYIOBAS ...t 11-10
11.6 TOXICITY CITEEITA ..uvvveieee e e e ettt e e e e e sttt e et e e e e e s e e e e e s e snnreeeeeeeeaanns 11-10
11.7 Standard Hazard Assessment and Mitigation Procedures ............ccccceeeenn. 11-15
11.71 LCT=T gL | SR SPRERSRR 11-15
11.7.2 3 (0] =T [T PP P PP PTPPP 11-16
11.7.3 Static Firings and LAUNCHES ..........cc.ooiiiiiiiiie e 11-16
11.7.4 Mathematical MOAEIING........cccuiiiiiiiii e 11-16
11.7.5 BHEIINGS ... 11-17
11.7.6 PUDIIC AWBIENESS ...ttt 11-17
11.8 CoOMPUEET MOAEIS ..o e e e 11-18
11.8.1 BaCKGrOUNG........eeiiiiieee e 11-18
11.8.2 REEDM VEISION 7 ..ttt e et e e e st e e e e e e e e nnneeens 11-18
11.8.3 HARM ...ttt ettt ettt e bt e e e nbeeenee e 11-27
11.84 N 0 ) GOSN 11-27
11.8.5 D2 PRSP 11-28
11.8.6 Ocean Breeze/Dry GUICh (OB/DG) .....c.ceevueiiiiiieiiie e 11-29
11.8.7 2] I PRSP 11-30
11.8.8 BOOM. .. 11-30
RETEIENCES. ... e s e e n s s ebeeeanee e 11-31
12. OCCURRENCES OF TORNADOES AND HURRICANES ......... ccoooiiiiieiiiciee 12-1
121 100 18 ox 1 T R SUPPURRPRRN 12-1
12.2 LI = Te [0 = SRR SPSSRRR 12-1
12.3 Tornadoes Generated From HUITICANES..........ccvviriiiieeiiiieee e 12-7
12.4 Hurricanes and TropiCal STOMMS........cocuuiiiiiiiieeiiiee e 12-7
124.1 Distribution of Hurricanes and Tropical Storm Frequencies............ccccocuv..... 12-10
REIEIBNCES. ...t e e 12-13



NASA-HDBK-1001

August 11, 2000

TABLE OF CONTENTS (CONT'D)

SECTION PAGE
13. GEOLOGIC HAZARDS ...t ettt ettt sttt st nae e anee e 13-1
13.1 1 0o 18 ox 1T o S RRRPRRR 13-1
13.2 SPECITIC HAZANAS ....eeiiiiiiiie e 13-1
13.2.1 EArNQUAKES .......oeeeeeee e 13-1
13.21.1 California EarthqUakes ............coeviiiiiiiiiiiiiieiieiieeeeeeeeee e e e e e e e e eeeeees 13-2
13.2.2 Tsunamis and SEICHES ...........ooiiiiii e 13-6
13.2.3 SIOPE PrOCESSES .....eeiieiiiiiie ettt e st e e e s e e e e nnneeee e e 13-10
13.24 FIOOQS ...ttt e e e e e st e e e e nt e e e e eneeeeeennneeen s 13-10
13.2.5 VOICANIC HAZAIUS ......eeeieciiie et nree e 13-13
13.25.1 Hazards Near VOICaNIC ACHVILY .......ccceeeiieiiiiie et 13-13
13.25.2 Hazards Distant From VoICaniC ACHIVILY .........cccoe. voeeeeiriiie e 13-14
13.2.6 EXPaNAINg GrOUNG ........coiiiiiiiiieiiie et 13-15
13.2.7 GrouNnd SUDSIAENCE .......ccoiiiiiiiie et 13-16
13.2.8 Other HAzards...........oooiiiiiiiee e 13-17
13.2.9 CONCIUSIONS ..ttt e s 13-17
13.3 Geology and Geologic Hazards at Edwards Air Force Base, CA.................. 13-17
13.3.1 LCT=T0] (0o | /8RR PSSRSO 13-17
13.3.2 Ge0l0GIC HAZAIS .....cooiiieiiiie et s 13-18
13.3.2.1 BartNQUEKES ......oooiiie e 13-18
13.3.2.2 SIOPE PIOCESSES .....uviiiiit ceeiiiiie ettt e 13-21
13.3.2.3 [ [oTo o (1T PSP PRP PRSPPI 13-21
13.3.24 EXPanding GroUNd ..........coc coiiiiiiiiieie et rreee e 13-21
13.3.25 SUDSIAENCE ... et 13-21
13.3.2.6 CONCIUSIONS ..ottt ettt 13-21
134 Geology and Geologic Hazards of Vandenberg Air Force Base, CA........... 13-21
134.1 1100 18 ox 1 ] o ISR 13-21
13.4.2 (€T=To] (o |V TP UUPR TR 13-21
13.4.3 Ge0l0gIC HAZAIS .....oooiiieiiie e 13-22
13431 BartNQUEKES ......cooiiie o 13-22
13.4.3.2 TSUNAMIS AN SEICNES .....veeiiiiiiiieee e e e 13-26
13.4.3.3 SIOPE PrOCESSES .....uviiiiit ceeiiiiie ettt ettt e e e eabeeas 13-26
13.4.34 FIOODS ... e 13-27
13.4.3.5 VOICANIC HAZAITS .......oeeit i 13-27
13.4.3.6 Expanding Clays and ROCKS .........cccoveeviiiiiii e 13-27
13.4.3.7 ST U] 0153 T (=7 o o] P ESPRR 13-27
1344 CONCIUSIONS ..ttt e e e e e et e e e e nsae e e e e nneaeeeenseeeeeans 13-27
135 Geology and Geologic Hazards at Cape Canaveral and KSC, FL............... 13-28
135.1 Introduction and GEOIOGY ........eeeiueiiiiiieiiie e 13-28
13.5.2 Geologic Hazards of Cape Canaveral and KSC...........cccooeeiiiieiiieeniiieene. 13-29
135.21 EartNQUEKES ......ooiiiies i 13-29
13.5.2.2 Tsunamis and SEICNES .........ooviiiiie s 13-29
13.5.2.3 SIOPE SEADIIILY ... e 13-29

Xii



NASA-HDBK-1001
August 11, 2000

TABLE OF CONTENTS (CONT'D)

SECTION PAGE
13.5.24 (00T LSRR 13-29
13.5.25 VOICANIC HAZAIAS ... i 13-29
13.5.2.6 Expanding Soils and ROCKS.........cccoiieiiiiii e 13-29
13.5.2.7 Subsidence and UPIift..........coooiiiio oo 13-29
13.5.2.8 CONCIUSIONS ...ttt ettt 13-29
13.6 SEISMIC ENVIFONMENT. ...t 13-29
136.1 GSE Categories and Recommendations ............cccoeovveeeeeiiiieeeesiieeeessiieeeens 13-29
13.6.2 Types Of DESIGN ANAIYSES ......ccocuiieiiiieiiie et 13-30
13.6.2.1 DYNAMIC ANGIYSIS ...ceiuiiieiie et nne e 13-30
13.6.2.2 SEALIC ANAIYSIS.....eiiiiiie i 13-30
RETEIEINCES. ...ttt e e s bt e e et e e e e e enn e e sbeeesnneeens 13-35
14. SEA STATE ..ottt ettt 14-1
14.1 INEFOTUCTION . it 14-1
14.2 SCA STALES . ..oeiii i e 14-1
14.3 SUMACE CUIMENES. ...ttt 14-4
14.4 WAVE SIOPE.. . eeiiieiciiii ettt et e e e st e e e et e e e e nae e e e e annreeeeans 14-4
145 OCEAN TEMPEIALUIES.......eeiiiiiiieeeeeitiee et e e e e e s s e e e e e e s anreeeeans 14-6
14.6 Atmospheric ConditioNS oo 14-6
14.7 Wind Speed and Wave Height Durations and Intervals .............ccccocceeenueenne 14-6
14.7.1 Legends For Duration and Interval Tables............ccccceiiiiiiiiiniiieenieeie 14-6
14.7.2 Applications of Duration and Interval Tables ...........cccccoeoviiieciiiee e, 14-6
REIEIBNCES. ... e e e e 14-29
15. CONVERSION UNITS ...ttt snee s 15-1
15.1 Physical Constants and Conversion FaCtOrS............cccuveevieeeiiiiiieeeeees ceieenn 15-1
TS (=T 1] [ SRR 15-13
16. ACKNOWLEDGMENTS ...ttt sttt et snee e 16-1

xiii



